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h i g h l i g h t s
 A robust and cheap adsorbent for deep desulfurization of gasoline was prepared.
 In Pd-loaded silica adsorbent, palladium is present as Pd(0), Pd(II) and Pd(IV).
 There is some degree of leaching upon adsorbent regeneration, particularly as Pd(II).
 1000 ppm S gasoline was reduced down to 50 ppm S for 3 adsorption/desorption cycles.a r t i c l e i n f o
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Desulfurization of benzothiophene/isooctane mixtures and gasoline (42.5 and 1000 ppmw S) was studied
by batch and ﬁxed bed experiments using PdCl2 supported on mesoporous silica of SBA-15 type (PdCl2/
SBA-15). The Pd-loaded silica was prepared by solid-phase impregnation of the metal halide on the mes-
oporous siliceous matrix (SBA-15). SBA-15 and PdCl2/SBA-15 were characterized with N2 adsorption/
desorption isotherms, small angle X-ray diffraction and transmission electron microscopy (TEM). Then
desulfurization of benzothiophene/isooctane mixtures and gasoline (42.5 ppmw S) with these sorbents
was investigated by batch and ﬁxed bed experiments. PdCl2/SBA-15 showed much higher capacity for
sulfur adsorption than both the starting material and PdCl2 itself. A mathematical model was used to rep-
resent the breakthrough curves for adsorption and desorption runs in ﬁxed bed, providing very good
agreement between numerical simulations and adsorption data. The spent PdCl2/SBA-15 was regenerated
using isooctane as eluent, and the regenerated PdCl2/SBA-15 was tested again for the desulfurization of
1000 ppm S gasoline (down to 50 ppm). The results showed that the sulfur adsorption capacity at the
break point (C = 50 ppm) remained nearly unchanged for three cycles, even though XPS elemental anal-
ysis for the fresh and spent adsorbent revealed some degree of leaching of the metal from the external
surface, particularly as Pd(II). In conclusion, PdCl2/SBA-15 appears to be a robust adsorbent for desulfur-
ization of liquid fuels and the model proposed herein was able to predict deep desulfurization of gasoline
in cyclic mode.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Sulfur compounds present in fuels can cause serious environ-
mental pollution because they will ordinarily be converted into
SOx species during combustion. Sulfur compounds may also lead
to severe corrosion of reactors and equipment in oil processing.Thus, desulfurization is a required practice across the world and
has become an important unit operation in petroleum reﬁning [1].
The demand for a larger control in the emission of pollutants
from automobiles, with a reduction in the emission of sulfur, has
led to an intense research effort on techniques for sulfur removal
from fuels. In the last few years, adsorption has been thought to
be a suitable polishing technique to achieve deep desulfurization
of streams leaving hydrodesulfurization (HDS) units. Reﬁneries
traditionally use the process of hydrodesulfurization (HDS) to re-
duce sulfur levels in hydrocarbon fractions by reacting them with
Nomenclature
Aads (min) area bound by the breakthrough curve and C/C0 = 1.0
Ades (min) area under the desorption/elution curve
C (mmol S L1) bulk liquid phase concentration in ﬁxed-bed
column
C0 (mmol S L1) liquid phase concentration in feed stream
D (cm) bed diameter
Dax (cm2 min1) axial dispersion coefﬁcient
K (L g1) Henry’s constant
kl (min1) global mass transfer time constant
L (cm) bed length
Mb (g) adsorbent mass contained in the bed
Pe dimensionless Peclet number
Q (mL min1) volumetric ﬂow rate
q (mmol S g1) adsorbed phase concentration
q⁄ (mmol S g1) adsorbed phase concentration in equilibrium
Re Reynolds number
T (C) temperature
t (min) time
tb (min) breakpoint time
tst (min) stoichiometric time
u (cm min1) interstitial velocity
Vb (mL) bed volume
Z axial coordinate
Greek letters
e bed porosity
qp (g cm3) adsorbent particle bulk density
A.K.O. Rodrigues et al. / Fuel 126 (2014) 96–103 97hydrogen. The purpose of HDT (hydrotreating) processes – which
includes HDS – is to ensure products ﬁt into speciﬁcations required
for their ﬁnal use. These processes are very efﬁcient for the re-
moval of certain types of sulfur compounds such as thiols (mercap-
tans) and sulﬁdes, but are less effective for compounds from the
class of thiophenes [2]. Thus, to meet increasingly stringent envi-
ronmental requirements, special attention has been given to the
use of adsorption to remove refractory sulfur compounds, which
can complement the existing hydrotreating (HDT) processes [3].
Due to the bulky size of these refractory sulfur compounds (ex.:
benzothiophene, dibenzothiophene and their alkyl-derivatives),
mesoporous adsorbents are thought to be best suited for adsorp-
tion than conventional microporous solids, such as zeolites. In
the case of deep desulfurization of gasoline, adsorption with
modiﬁed sorbents may be a promising alternative process when
compared to the conventional hydrodesulfurization, since it does
not require severe conditions of operation which would affect
the octane number and the ﬁnal cost of operation.
Mesoporous solids are deﬁned as those having pores with diam-
eters in the range of 20–500 Å. Among mesoporous materials,
MCM-41 and SBA-15 have risen increased interest because of their
hexagonally ordered porous structure (though not crystalline), as
well as due to the possibility of tailoring their pore size, wall thick-
ness and surface properties [4]. Because of the high surface areas
and large pore sizes, these mesoporous silicas have been reported
in the literature as adsorbents or support of active species in a
number of adsorptive applications [5–10]. These applications in-
clude Ag/SBA-15 as adsorbent to remove dibenzothiophenes from
a model fuel [6]; SBA-15 applied in the chromatographic separa-
tion and puriﬁcation of biomolecules, including proteins and
monoclonal antibodies [10]; SBA-15 and MCM-41 in the adsorp-
tion of volatile organic compounds from air [7] and MCM-41 ap-
plied to the deep desulfurization of gasoline [9].
In this present study, the removal of sulfur from benzothio-
phene solutions in isooctane and gasoline (42.5 ppmw and
1000 ppmw of S) was evaluated using adsorbents SBA-15 and
SBA-15 loaded with PdCl2 (PdCl2/SBA-15). The reuse of PdCl2/
SBA-15 was also veriﬁed in ﬁxed bed adsorption/desorption cycles.
The breakthrough curves were simulated according to a mathe-
matical model assuming isothermal operation, plug ﬂow with axial
dispersion, constant ﬂuid ﬂow rate, negligible external ﬁlm resis-
tance to mass transfer, internal mass transfer described by a Linear
Driving Force (LDF) approximation, linear adsorption isotherm and
equilibrium reached instantaneously at the external surface of
adsorbent particles. Our results show that palladium is present in
the loaded modiﬁed silica in three oxidation states (0, II and IV).Sulfur adsorption capacity is signiﬁcantly enhanced in the Pd-
loaded material (labeled as PdCl2/SBA-15) and nearly complete
desorption may be achieved by solvent (isooctane) elution for
three consecutive cycles, even though the supported metal halide
(PdCl2) itself is partially leached from the external surface upon
adsorbent regeneration.
2. Experimental and modeling
2.1. Adsorbent preparation
The adsorbent used in this study was a mesoporous pure silica
of SBA-15 type (labeled as SBA-15) and the same support loaded
with palladium chloride (labeled as PdCl2/SBA-15). Low cost SBA-
15 was synthesized according to the procedure described by
Gómez-Cazalilla et al. [11], where a sol–gel route is followed using
sodium silicate as the silica source. PdCl2/SBA-15 adsorbent was
prepared post-synthesis by solid-phase impregnation, as adapted
from Wang et al. [12]. Brieﬂy, 1.0 g SBA-15 and 0.87 g PdCl2 were
thoroughly mixed and then the solid mixture was placed in a
quartz tube for heat treatment at 450 C under N2 ﬂow for 24 h.
The adsorbent was then cooled and stored in a desiccator until use.
2.2. Adsorbent characterization
Nitrogen adsorption/desorption isotherms were measured for
SBA-15 and PdCl2/SBA-15 at 77 K using a volumetric adsorption
apparatus (Autosorb-1MP, Quantachrome Instruments, USA). Prior
to adsorption measurements, the sample was outgassed under vac-
uum at 350 C in situ. The BET surface area, pore volume and pore
diameter of the samples were determined from standard calcula-
tions [13]. Additionally, adsorbents were also characterized by
small angle X-ray diffraction (XRD), TEM images and X-ray photo-
electric spectroscopy (XPS). XRD measurements were recorded in
a Philips X´Pert PRO MPD apparatus, using radiation source Cu Ka1
(k = 1.5406 Å), with a primary monochromator Ge (111). For
small-angle measurements, Soller-type slits were ﬁxed at 1/16.
The detection system consisted of a X´Celerator RTMS (Real Time
Multiple Strip) with 128 Si aligned detectors. TEM micrographs
were obtained in a high-resolution Philips CCCM 200
Supertwin-DX4 microscope, equipped with a digital system for im-
age acquisition. XPS was carried out in a Physical Electronics-5700
spectrometer, equipped with a dual X-ray excitation source: Mg Ka
(hm = 1253.6 eV) and Al Ka (hm = 1483.6 eV), and a multichannel
hemispherical electron analyzer Electronics 80-365B. Binding
energies were determined under an accuracy of ±0.1 eV, using as
98 A.K.O. Rodrigues et al. / Fuel 126 (2014) 96–103reference the signal of adventitious carbon C 1 s at 284.8 eV. Only
the Pd-loaded samples were analyzed by XPS, both as prepared
(fresh) and after undergoing desulfurization/regeneration cycles
(spent).
2.3. Reagents
The chemicals used for the adsorption studies were: isooctane
(99.9%), obtained from Sigma–Aldrich, and benzothiophene
(99.9%), obtained from Fluka. Benzothiophene (BT) solutions in iso-
octane were prepared for ﬁxed bed adsorption studies. Samples of
commercial gasoline (42.5 and 1000 ppmw) were also used. The
total sulfur content of the liquid samples collected in all experi-
ments was determined using ANTEK 9000S analyzer.
2.4. Adsorption experiments
2.4.1. Batch experiments
The batch experiments were performed with BT concentrations
of 10–50 ppm S in isooctane. Samples of SBA-15 and PdCl2/SBA-15
(c.a. 100 mg) were immersed in 10 mL BT solution, which were
kept in sealed thermostated vials (25 C) under agitation. After
24 h, the sulfur concentration in the liquid phase was measured
and the sulfur solid phase concentration in the sorbents was calcu-
lated by mass balance assuming isooctane as an inert solvent.
2.4.2. Fixed-bed adsorption/breakthrough experiments
Experiments were performed in a ﬁxed bed setup (depicted in
Fig. 1), by introducing benzothiophene solutions (in isooctane)
with inlet step concentrations within the range of 10–50 ppmw S
(sulfur, in weight) and gasoline (42.5 ppmw S). The adsorption col-
umn studies using SBA-15 and PdCl2/SBA-15 as packing were car-
ried out at 25 C and with ﬂow rates of 0.50 and 0.35 mL/min,
respectively. After each breakthrough adsorption run was ﬁnished,
pure solvent was pumped into the column so as to obtain the
desorption curve. By an integral mass balance (Eq. (1)) of the
breakthrough (A = Aads) and elution curves (A = Ades), as illustrated
below, it was possible to check adsorption reversibility and
generate adsorption isotherms.Fig. 1. Experimental system for ﬁxed-bed operation.q ¼ C0
Mb
½Q  A eVb ð1Þ
Aads ¼
Z 1
0
1 CðtÞ
C0
 
dt
 
ð2Þ
Ades ¼
Z 1
0
CðtÞ
C0
dt
 
ð3Þ
Where Aads is the hatched area of Fig. 2, q* is the adsorbed phase
concentration (mmol S/g) in equilibrium with C0 (feed concentra-
tion in mmol S/mL), C is the outlet concentration column at time t
(min), Q is the ﬂow rate (mL/min), Vb is the bed volume (mL), Mb
is the mass of adsorbent in the bed (g) and e is the bed void fraction
(dimensionless).
2.5. Sorbent regeneration
The desorption of sulfur compounds from the PdCl2/SBA-15
adsorbent by solvent elution and its reuse was investigated. Com-
mercial gasoline (1000 ppmw of S) was pumped into the adsorbent
bed until the outlet concentration reached approximately 50 ppm
of S (C/C0 = 0.05), which was assumed as the breakpoint concentra-
tion. Then the feed was switched to pure solvent in order to regen-
erate the column. When the sulfur concentration in the exit of the
column reached zero (i.e., lower than ANTEK detection limit), the
feed was again switched to gasoline. Three desulfurization/regen-
eration cycles were performed and the sulfur concentration at
the exit of the column was measured and compared to predictions
from process simulations.
2.6. Fixed bed mathematical model and simulation
Breakthrough curves of benzothiophene in isooctane were sim-
ulated according to a mathematical model that assumes the fol-
lowing hypotheses: (i) isothermal operation; (ii) plug ﬂow with
axial dispersion; (iii) constant ﬂuid ﬂow rate; (iv) negligible exter-
nal ﬁlm resistance to mass transfer; (v) internal mass transfer de-
scribed by LDF approximation; (vi) linear adsorption isotherm and
(vii) equilibrium reached instantaneously at the external surface of
adsorbent particles.
The overall differential mass balance of a solute (total sulfur) in
a given inﬁnitesimal volume element of the column is given by:
eu
@C
@z
þ e @C
@t
þ ð1 eÞqp
@q
@t
¼ eDax @
2C
@z2
ð4ÞFig. 2. A typical breakthrough curve, the hatched area being proportional to the
adsorption capacity in equilibrium with the feed concentration C0.
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Fig. 3. Nitrogen adsorption/desorption isotherms plots for SBA-15 (j, s) and
PdCl2/SBA-15 (d, D).
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in the bulk ﬂuid phase (mmol/cm3), e is the bed porosity (dimen-
sionless), q is the average concentration of the adsorbed phase
(mmol/ g), qp is the adsorbent particle speciﬁc mass (g/cm3) and
Dax is the axial dispersion coefﬁcient (cm2/min).
The mass balance in the solid phase (ﬁxed bed) is described by a
linear driving force approximation [14], as in Eq. (5):
@q
@t
¼ klðq  qÞ ð5Þ
where kl is a lumped overall mass transfer coefﬁcient (min1),
which qualiﬁes the resistance to mass transfer of the adsorbate in-
side the adsorbent particles and q (mmol/g) is the solid phase con-
centration in equilibrium with the bulk liquid phase concentration
C (mmol/cm3).
Assuming that the equilibrium isotherm is linear in the concen-
tration range under study:
q ¼ KC ð6Þ
where K is the linear adsorption constant (Henry’s constant).
For the boundary conditions:
Cð0; tÞ ¼ C0 þ Daxu
@C
@z
ð7Þ
@C
@z
ðL; tÞ ¼ 0 ð8Þ
And the initial conditions for an initially clean bed (9) or an ini-
tially saturated bed (10) are:
Cðz;0Þ ¼ qðz;0Þ ¼ 0 ð9Þ
Cðz;0Þ ¼ C0 and qðz;0Þ ¼ KC0 ð10Þ
For the situation that the bed is eluted with solvent after the
breakpoint (C/C0 = 0.05) is reached, the initial concentration of
the elution step would be:
Cðz;0Þ ¼ Cðz; tbÞ and qðz;0Þ ¼ qðz; tbÞ ð11Þ
where tb is the breakpoint time.
The model was solved numerically by orthogonal collocation in
ﬁnite elements, using the commercial solver gPROMS [15]. The in-
put parameters required by the simulator were mostly determined
by laboratory experiments. Some parameters were obtained from
literature correlations, as the case of Dax, the axial dispersion
parameter. The mass transfer coefﬁcient kl was estimated from
the experimental data of breakthrough curves by using the param-
eter estimation subroutine of gPROMS. This parameter, kl, is a
lumped diffusion rate constant, which includes transport resis-
tances in the external ﬁlm and in the adsorbent pores.
The axial dispersion coefﬁcient Dax was estimated from the
empirical correlation between the Peclet number (Pe = uL/Dax) and
the Reynolds number, valid for liquids ﬂowing in porousmedia [16].
ePe ¼ 0:2þ 0:011Re0:48 ð12Þ3. Results and discussion
3.1. Adsorbent characterization
In Fig. 3, N2 adsorption/desorption isotherms at 77 K are shown
for SBA-15 and PdCl2/SBA-15, respectively.
The adsorbents exhibited the reversible type IV isotherms with
a clear H2 hysteresis loop, which is typical of mesoporous materi-
als of irregular structure. The H2-type hysteresis indicates the pos-
sible occurrence of cylindrical open pores together with closed
pores or pores with variable cross section, resulting in an irregular‘‘bottle neck’’ type morphology [17]. This is to be expected because
a sol–gel synthesis method was employed, which usually leads to
less ordered materials than those originally synthesized hydro-
thermally by Zhao et al. [18,19]. These authors found results of sur-
face area (BET) ranging between 630 and 1040 m2/g, pore volumes
between 0.56 and 1.26 cm3/g and pore diameters between 4.7 and
10.0 nm. Wang et al. [12] synthesized a sample of SBA-15 accord-
ing to Zhao et al. [19] and had a surface area (BET) of 901 m2/g, a
pore volume of 1.14 cm3/g and a pore diameter of 5.87 nm. The
PdCl2/SBA-15 sample reported by those authors had a decrease in
surface area (BET) down to 358 m2/g, a pore volume of 0.50 cm3/
g and a pore diameter of 5.09 nm. Unlike Wang et al. [12], the
low cost SBA-15 support used in this work was prepared by a dif-
ferent synthesis route and PdCl2/SBA-15 was heat treated under N2
atmosphere, not He. The textural properties of our sample were
also affected by impregnation, but less drastically, as may be ob-
served in Table 1. The SBA-15 and PdCl2/SBA-15 samples obtained
by Wang et al. [12] show a decrease of 543 m2/g in surface area
(BET), whereas SBA-15 and PdCl2/SBA-15 samples used in this
work show a surface area (BET) difference of 146 m2/g.
From Table 1, it can be argued that the values for the textural
parameters of support SBA-15 are relatively modest, with non-
parallel hysteresis branches which occur at lower partial pressures
than those reported in the literature [12,18,19]. These differences
indicate thematerial ismesoporous, butprobablymuch less ordered
than a classical hydrothermally synthesized SBA-15. The mesopor-
ous silica support used in this study was obtained via sol–gel, using
a cheaper silica source (sodium silicate), whereas SBA-15 reported
elsewhere [12,18,19] was obtained from hydrothermal synthesis,
using TEOS (tetraethylorthosilicate) as the silica source, a much
more expensive chemical. Although it may be claimed that the low
cost support synthesized in this work is not technically a ‘‘pure’’
SBA-15, it will be referred as such, for the sake of simplicity.
TEM images of SBA-15 and PdCl2/SBA-15, shown in Fig. 4, con-
ﬁrm that the materials have a fairly regular mesoporous structure,
with the typical hexagonal arrangement of these templated silicas.
The impregnation of the metal halide was successful, although
there are regions with large aggregates whereas in other regions,
the metal seems to be much better dispersed. This heterogeneous
distribution of PdCl2 upon impregnation has possibly led to both a
decrease in available surface area and to a less ordered pore struc-
ture, as observed in a previous work of these authors [20]. The
latter aspect may be veriﬁed by comparing the small angle X-ray
diffractograms for the support and impregnated silica (Fig. 5).
Table 1
Textural properties for the studied samples, calculated from adsorption/desorption isotherms of N2 and unit cell parameters from XRD.
Adsorbents BET surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) a0 (nm) Wall thickness (nm)
SBA-15 566 0.47 3.3 9.1 5.8
PdCl2/SBA-15 420 0.38 3.2 9.4 6.2
Fig. 4. Transmission electron micrographs of SBA-15, showing a frontal (a) and a side (b) view of pore structure, with a scale of 30 nm and 40 nm, respectively; and
micrographs of PdCl2/SBA-15, only side views, with a scale of 100 nm (c) and 30 nm (d).
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Fig. 5. Small angle X-ray diffractograms of samples SBA-15 (a) and PdCl2/SBA-15
(b).
100 A.K.O. Rodrigues et al. / Fuel 126 (2014) 96–103The reﬂection line appearing at 2h = 1.086 is characteristic of the
hexagonal pore arrangement (100 plane). It may be observed that
such peak is considerably reduced in intensity for the Pd-loaded
sample, which indicates that there was a sharp decrease in
‘‘crystallinity’’ upon impregnation due to the observed amorphous
metal clusters. The cell parameters (a0 and wall thickness), as cal-
culated from the diffractograms using Bragg’s equation, are also in-
cluded in Table 1. They reveal that both solids have relatively thick
walls (approximately 6 nm), which is indicative of good thermal
and chemical stability.
3.2. Fixed-bed adsorption experiments
Column experiments were performed using SBA-15 and PdCl2/
SBA-15. To study the dynamic adsorption of the selected adsor-
bents, breakthrough curves were measured at 25 C for distinct ini-
tial concentrations of benzothiophene in organic solution
(isooctane), as shown in Fig. 6. Lines represent the mathematical
model (Eqs. (3)–(12)) with no ﬁtted parameters other than the glo-
bal mass transfer rate constant, kl. All other input parameters (see
Table 2) were either measured or estimated from correlations
available in the open literature.A noteworthy agreement between the experimental data and
the model representation is observed in Fig. 6. Hence, this simple
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Fig. 6. Experimental breakthrough curves (j, h) and simulated (–, ––) with kl
estimated by gPROMS using model for 40 ppm of benzothiophene in isooctane.
Adsorbent: SBA-15 (j, –). T = 25 C. kl = 1.05 min1. Q = 0.5 mL/min. Vb = 4.15 mL.
Adsorbent: PdCl2/SBA-15 (h, ––). T = 25 C. kl = 0.75 min1. Q = 0.35 mL/min.
Vb= 3.24 mL.
Table 2
Input parameters for the column simulation model.
Parameters SBA-15 PdCl2/SBA-15
L (cm) 25.0 19.5
D (cm) 0.46 0.46
Vb (cm3) 4.15 3.24
u (cm/min) 4.41 3.34
e 0.68 0.63
C0 (mol/L) 9.30  104 9.30  104
Q (mL/min) 0.50 0.35
K (L/g) 0.0039 0.0430
Dax (cm2/min) 8.46  102 3.96  102
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Fig. 7. Adsorption isotherms of benzothiophene in isooctane solution at 25 C.
Fixed-bed adsorption experiments: SBA-15 ( ) and PdCl2/SBA-15 (j). Batch
experiments: SBA-15 ( ), PdCl2/SBA-15 (h) and PdCl2 (D). Squares and triangles
are read on the left axis and circles are read on the right axis.
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Fig. 8. Breakthrough curves. Experimental data using gasoline as feed
(42.5 ppmw S) ( ) and simulated ( ) with kl = 0.45 min1 and K = 0.039. Experi-
mental data of benzothiophene (40 ppmw S) (h) and simulated (–) with kl = 0.75 -
min1 and K = 0.043. T = 25 C. Q = 0.35 mL/min. All other simulation input
parameters as in Table 2 for PdCl2/SBA-15.
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an adsorption column used to remove sulfur compounds. However,
complex mixtures with compositions closer to those of real fuels
should be studied. Note that after impregnation with PdCl2, break-
through happens between 7.5 and 40 min, a much longer time than
that observed for the pure SBA-15, which means that there is a sig-
niﬁcant increase of the adsorptive capacity for the Pd-loaded
adsorbent. The enhancement of sulfur adsorption by Pd has been
observed by a number of authors [12,20–24] and it is generally ac-
cepted to be due to p-complexation bonds between the metal and
the sulfur atom. From this point on, all of the next breakthrough
curves will refer to columns packed with PdCl2/SBA-15.
The adsorption isotherms of benzothiophene for SBA-15, PdCl2/
SBA-15 and pure PdCl2 are shown in Fig. 7. The reading for SBA-15
is on the right ordinate axis whereas the other two are read in the
left axis. The values plotted for PdCl2/SBA-15 take into account that
there is a maximum theoretical PdCl2:SBA-15 mass ratio of 0.87:1
in the Pd-loaded material (used in the impregnation method). It is
clear that the presence of the metal halide enhances the adsorption
capacity about one order of magnitude; moreover, the capacity of
the supported halide is effectively higher than that of pure PdCl2.
For SBA-15 and PdCl2/SBA-15, data measured in batch and ﬁxed
bed experiments match well with one another, conﬁrming the
accuracy of data regardless of the experimental method employed.
The breakthrough curve using gasoline as feed (42.5 ppmw S)
was contrasted against that of the synthetic solutions of BT at
nearly the same sulfur concentration (40 ppmw S) for a columnpacked with PdCl2/SBA-15 adsorbent under the same operating
conditions (T = 25 C, Q = 0.35 mL/min). From Fig. 8, one can ob-
serve that – for the experiment using gasoline (42.5 ppmw S) as
feed – the column is saturated earlier than in the experiment using
a column fed with the solution of BT (40 ppmw S). From the simu-
lation curve on the left, the adsorption constant of the adsorbate
(total sulfur compounds) in gasoline, K, was found to be 90% of that
measured for benzothiophene in model solution (K = 0.039). The
adsorption constant K was calculated from the stoichiometric time
of the curve (see Eq. (13)), as measured experimentally. Gasoline is
composed of aromatics, a variety of sulfur and nitrogen containing
compounds, organic hydrocarbons, among other constituents.
Many of these substances compete for adsorption sites with the
sulfur compounds, which cause the observed difference between
the equilibrium times for the two columns. It is remarkable, how-
ever, that only by adjusting the adsorption constant, the model
reproduces quite well the whole curve and the two breakthrough
curves showing in Fig. 8 are practically parallel. This indicates that
hydrodynamics and mass transfer phenomena are essentially the
same for the model solution and gasoline. Therefore, benzothio-
phene in isooctane may be considered a representative synthetic
Table 3
Atomic concentrations of elements (in %) present in the Pd-loaded silica adsorbent.
Sample Si O Pd Cl
PdCl2/SBA-15 theoreticala 25.6 51.3 7.7 15.4
Fresh PdCl2/SBA-15 25.2 68.5 2.7 3.5
Spent PdCl2/SBA-15 26.1 72.3 0.8 0.7
a As calculated, considering the mass ratio of 0.87:1 used in the impregnation of
SBA-15.
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As said before, the reduction in adsorption capacity observed for
gasoline may be attributed to competing species, such as aromatics
and oleﬁns. A number of authors [25–28] have studied the compe-
tition between sulfur and aromatic compounds in different adsor-
bent materials, and evaluated that the aromatics usually cause a
dramatic decrease in sulfur compounds adsorption. Baeza et al.
[25], for instance, found a maximum adsorption capacity of
0.49 mmol S/g for copper supported zirconia in the absence of aro-
matics, which was decreased down to 0.18 mmol S/g when aro-
matics were present. Hence, the decrease in capacity observed in
the present study was relatively modest.
Three cycles of adsorption and desorption were conducted
using a sample of gasoline with 1000 ppmw S, but the column
was not fully saturated as in previous experiments. The break point
was set at the concentration of 50 ppmw S, i.e., when efﬂuent con-
centration reached 50 ppmw S, feed would be switched to pure
isooctane and efﬂuent concentration would be measured until it
reached zero again. Then, a new cycle would begin. Fig. 9 shows
the efﬂuent concentration curves for three cycles of adsorption
and desorption, contrasting experimental points with simulated
curves. The cycles of adsorption/desorption were performed in or-
der to verify if any amount of total sulfur compounds present in
gasoline remains adsorbed in the column during the desorption
step.
The simulations predicted quite well the experimental data
associated with cycles of adsorption and desorption. By calculating
the areas above the experimental adsorption curves and under the
desorption curves, it was possible to verify adsorbent regenerabil-
ity in each cycle. Wang et al. [21] found that their adsorbent, also
based on palladium chloride supported on SBA-15, could not be
fully regenerated after desulfurization of jet-fuel, even by increas-
ing the temperature and using an aromatic as desorbent/eluent.
In order to check the actual concentration and oxidation state(s)
of Pd supported on the adsorbent surface of our samples, XPS anal-
ysis was carried out for both the fresh and spent PdCl2/SBA-15 (after
various adsorption/desorption cycleswith bothmodelmixtures and
gasoline). Table 3 summarizes the atomic concentrations of Si, O, Pd
and Cl. One striking observation is that the concentration of Pd is0 10 20 30 40 50 60 70 80
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0.05
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Fig. 9. Adsorption/desorption cycles for total sulfur adsorption in gasoline. Curves
represent simulated curves. Experimental points: adsorption (h); desorption (N).
Adsorbent: PdCl2/SBA-15. T = 25 C. Q = 0.35 mL/min. kl = 0.45 min1. All other
simulation input parameters as in Table 2 for PdCl2/SBA-15.much lower than that expected from the impregnation procedure,
even for the fresh adsorbent. This is due to the formation of bulky
aggregated of palladium species as observed by TEM, where the
XPS technique can analyze the surface of these aggregates, or to
the location of most of the palladium species inside the mesopores
of the porous silica. Another interesting point is that the atomic ratio
between Pd and Cl in both fresh and spent adsorbent is different
from 0.5 (the ratio in PdCl2), whichmeans that palladium is present
on the adsorbent surface not only as chloride (oxidation state II), but
in other forms. This is conﬁrmed in the detailed XPS analysis, by
examining the Pd 3d core level signal, shown in Fig. 10. The signal
can be decomposed into three doublets Pd 3d5/2 and Pd 3d3/2, corre-
sponding to Pd(0) at the binding energy 334.8 eV; Pd(II) mainly
from PdCl2, at the binding energy of 336.2 eV and Pd(IV) probably
as PdOCl2, at the binding energy of 337.8 eV [29]. The relative inten-
sity of the contribution due to the presence of Pd(0) increases from
14% for the fresh samples to 31% for the used adsorbent. And the
relative intensity of the contribution due to the presence of Pd(II)
decreases from 74% for the fresh sample to 57% for the used one.346 344 342 340 338 336 334 332
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Fig. 10. Pd 3d core level signal of PdCl2/SBA-15 fresh (a) and spent (b) samples.
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mains constant. By comparing the Pd atomic concentration (Table 3)
and the relative intensities of decomposed Pd 3d signals (Fig. 10) in
the fresh and spent PdCl2/SBA-15 samples, there are evidences that
mainly palladium(II) may have been leached from the solid, at least
from its external surface, upon solvent elution. Nevertheless, it was
found that sulfur adsorption capacity remained nearly constant, at
least for eight cycles (summing up all runs with model solutions,
42.5 and 1000 ppmw S gasoline as feed), by comparing experimen-
tal and simulation data of breakthrough (up to the break point,
where outlet sulfur concentration reaches 50 ppm) and elution
curves (Fig. 9). This may be an indication that most of the incorpo-
rated palladium is in the bulk of the solid (not detected by XPS) re-
mains inside the pores without causing a reduction in sulfur
adsorption capacity in the number of cycles studied.
Therefore, the adsorbent PdCl2/SBA-15 proposed in this work
shows promising results as a robust and regenerable adsorbent
for deep desulfurization of gasoline. Even though it showed lower
adsorption capacity than other adsorbents found in the literature,
it seems to be less susceptible to the presence of competing species
(aromatics and oleﬁns) and fully regenerable by simple solvent
elution. Nevertheless, exhaustive cyclic experiments should be fur-
ther performed in order to conﬁrm the service time of a ﬁxed bed
column, since there is experimental evidence of decrease in Pd
concentration on the solid surface upon solvent elution.
4. Conclusions
The removal of sulfur by adsorption was studied for a synthetic
solution of benzothiophene in isooctane and gasoline using meso-
porous silica adsorbents (SBA-15 and PdCl2/SBA-15). According to
our results, PdCl2/SBA-15 had superior sulfur adsorption capacity,
as compared to the metal halide alone and the silica support. The
adsorption capacity for sulfur compounds was only modestly re-
duced (10%) when gasoline was used instead of the synthetic solu-
tion. It was also observed that the adsorbent could be nearly 100%
regenerated, upon successive adsorption/desorption cycles, using
pure isooctane as the desorption solvent/eluent, despite observed
metal leaching from the external surface of the adsorbent. Theoret-
ical breakthrough and elution curves were able to represent satis-
factorily the experimental data both for the synthetic solution and
for gasoline. As a general conclusion, PdCl2/SBA-15 showed a pos-
sibility of being used for deep desulfurization of gasoline in adsorp-
tion/desorption cycles and a simple phenomenological model
showed to be accurate enough and potentially useful for process
design and optimization purposes.
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